In this paper, a novel scheme to generate multichannel single sideband (SSB) optical signals enabled by one single I/Q modulator based on digital signal processing (DSP) is proposed, which is more flexibility and stability for the future 5G broadband access network instead of complex multiple lasers construction. Four sub-channels carrying different vector quadrature amplitude modulated (QAM) data are modulated to the upper sideband (USB) by I/Q modulation, while the vector unmodulated RF signal is located at the lower sideband (SSB) of the suppressed center carrier. They are used to generate four different mm-wave carriers after heterodyne beating. Due to the imbalance effect of I and Q components from the I/Q modulator, we also optimize the frequency of USB and LSB to reduce the crosstalk between the USB and LSB signal. The experimental results indicate that four-channel QPSK (2 × 2 × 4 = 16 Gbit/s) and 16-QAM (2 × 4 × 4 = 32 Gbit/s) signals with 5 GHz channel spacing at Q-band can be transmitted over 80 km single-mode-fiber 28 and 0.5 m wireless link without dispersion compensation.
Introduction
The consumer demand for the mobile network keeps steady and rapid growth, with conservative estimates doubling year upon year since 2010. The future 5G cellular network aims to develop a novel mobile network architecture that provides broadband access with high flexibility and reliability in a resource efficient way to handle tremendous explosion of the traffic [1] . Millimeter-wave (mm-wave) is enabling a broad bandwidth for the next generation 5G mobile communication network, which will handle tens of Gigabits per second peak throughputs [2] - [10] . Moreover, wavelength division multiplexing (WDM) is the promising way to further enhance the capacity [11] , [12] . Many multichannel fiber-wireless links have been presented and experimentally demonstrated [13] - [17] . However, in order to allocate a number of wavelength channels, the cost and the complexity as well as the system stability inherent to the transmitters employing multi individual light resources will be a critical problem [18] .
To address this problem, Zhang et al. [19] experimentally proposed W-band 3-channel 120 Gb/s PDM-QPSK data transmission with 12.5 GHz channel spacing employing double sideband (DSB) modulation, enabled by a single laser as a signal resource. However, in this scheme, another laser source as a local oscillator (LO) is utilized to generate 3-channel mm-wave signals based on optical heterodyne, which is not a cost-effective way and would also cause phase noise issue. Besides, DSB modulation adopted in this scheme is sensitive to chromatic dispersion (CD) of the optical fiber resulting in spectrally periodical power fading, since both of the two optical modulated ±1 subcarriers after MZM carry signals. To avoid walk-off effect, optical single sideband (SSB) modulation would be an efficient approach. Li et al. [20] presented a 4 Gbaud QPSK mm-wave SSB signal generation scheme adopting a single I/Q modulator, which is robust to the fiber dispersion because I/Q modulator output has one optical vector modulated sideband signal and one unmodulated sideband at the other side. But in this scheme, only one channel mm-wave signal is generated, which restricts the development of the future large-capacity access network.
In this paper, we proposed multi-channel single side-band signals generation technique employing a single laser resource and I/Q modulator, which has better tolerance to the walk-off effect to further improve the transmission speed and fiber transmission length. At the transmitter, the digital multichannel driving signal for I and Q inputs is produced via software-based DSP instead of a complex transmitter adopting multi lasers, thus the system structure is significantly simplified with high reliability. Four sub-channels carrying vector data after Nyquist filtering are modulated at the upper-side band (USB) of the suppressed central carrier, and the other one without vector information is located at the lower-side band (LSB). The signals at two different sides are heterodyne beat to realize four sub-channel vector mm-wave signals generation simultaneously. Furthermore, the frequency of USB and LSB is optimized to reduce the crosstalk between the USB and LSB signal. Based on our proposed scheme, we experimentally demonstrated totally 48 Gbit/s fourchannel SSB signal generation (4Gbaud for each channel) with 5 GHz channel spacing at Q-band, and transmission over 80 km SMF-28 and 0.5 m wireless link.
Multichannel mm-Wave SSB Signal Generation Principle
In traditional, a real sinusoidal RF source can be expressed as,
Where f RF denotes the frequency of RF signal. As we know, the corresponding spectrum of real RF signal has two sides of frequency components. According to Hilbert-transform function, the complex sinusoidal signal with only one-sided spectrum can be obtained, as shown in Fig. 1 . Firstly, the real RF signal changes to j sin(2πf RF t) after Hilbert transform 90 degree phase transformation. And then the complex sinusoidal signal can be generated after combining the real RF signal and the imaginary signal, which is expressed as, Assumed f RF is a positive frequency in GHz, exp( j2πf RF t) is used for generating USB signal. Conversely, if a sinusoidal RF source is generated at −f RF , exp(−j2πf RF t) denotes the LSB signal. Finally, the QAM baseband data will modulate RF carriers in form of complex sinusoidal. Seen from Fig. 1 , the modulated complex sinusoidal signal by nature has one-sided spectrum, because of a real sinusoidal with its positive or negative spectrum removed and is typically used for single-sideband modulation. Figure 2 shows the principle of four sub-channel mm-wave vector signal generation based on asymmetrical single side-band (ASSB) modulation scheme, enabled by an I/Q modulator composed of one sub-MZM embedded in upper-arm, as well as the other sub-MZM and one cascaded phase modulator (PM) assembled in the lower arm. The pink block on the left part of Fig. 2 illustrates the offline DSP steps of multi-channel RF signal generation process including pseudo-random-binary-sequence (PRBS) producing, QAM mapping, up-sampling and Nyquist filtering. Here, each channel can be allocated with different QAM data, such as QPSK, 8-QAM, 16-QAM and so on. Four digital channel carrying QAM information are up-converted to RF frequency f 2 , f 3 , f 4 and f 5 , respectively. Differently, a sinusoidal RF source without data is generated at −f 1 .
According to Hilbert Transform function [21] , the positive or negative part of a real baseband signal can be eliminated and converted into a complex real RF signal, thus the up-converted f 1 , f 2 , f 3 , f 4 and f 5 signals with only one sideband left can be obtained and are available for SSB modulation. The generated electrical signals of the negative frequency −f 1 (lower) E low er and four positive sub-channel f 2 , f 3 , f 4 and f 5 (upper)E upp er can be expressed as,
Where E f i (t) and ϕ f i (t)(i = 2, 3, 4, 5) denote the amplitude and phase of four sub-channel (f 2 , f 3 , f 4 and f 5 ) carrying QAM data respectively, and the USB electrical spectrum of which is given as Inset (i) in Fig. 2 . As seen in Inset (ii), the LSB RF signal is located at carrier frequency −f 1 , and E f 1 and ϕ f 1 represent constant DC amplitude and phase of LSB signal carrying no data, respectively.
So the combined SSB signals with two different sides can be given as below,
After digital-analog-conversion (DAC), the real and imaginary parts of the combined SSB signal can be input into I port and Q port simultaneously. Both two sub-MZMs embedded in I/Q modulator are DC biased at minimum transmission point to ensure optical carrier suppression (OCS), and PM is DC3 biased to provide 90°phase difference between these two arms. The continuous light-wave (CW) from external cavity laser (ECL) can be modulated by I/Q modulator, which can be expressed as below,
Where J 1 and J −1 express the first order of first kind of Bessel function. m fi (i = 1, 2, 3, 4, 5) is the modulation index of MZM and equals to πV dr i ve E fi /V π . V dr i ve and V π are the driving voltage and half-wave voltage of sub-MZM, respectively. The modulated optical spectrum after I/Q modulator is depicted in Inset (iii), we can see that the USB four channel signal is shifted at the right side of significantly suppressed central carrier, and the LSB signal is located at left side. These two sideband signals are used to heterodyne beat through the single-ended photodiode (PD). Based on the square-law direct-detection rule of PD [22] , the output current i PD (t) can be formulated as,
Where R denotes PD sensitivity. Seen from Eq. (7), we can obtain four-channel vector mm-wave signal at the sum frequency of the driving LSB and USB signals, such as f 2 + f 1 , f 3 + f 1 , f 4 + f 1 and f 5 + f 1 . The generated multichannel electrical spectrum is given in Inset (iv), which occupies the positive side (right) of the frequency axis. However, in real SSB I/Q modulation system, there is one image between USB and LSB due to the imperfect of the I/Q data imbalance.
Next, we will further discuss the influence of I/Q data imbalance on the performance of generated four-channel mm-wave signals. Assume that the driving USB signal of single channel is denoted as E U SB = E fk exp( j2πf k t + jϕ f k ) at f k , and the ideal real (I ) component and the ideal imaginary (Q ) part of the driving signal can be calculated as E USB I = E fk cos(2πf k t + ϕ f k ) and E U SB Q = jE fk sin(2πf k t + ϕ f k ). The optical modulated CW is E CW = E 0 exp( j2πf cw t), thus the USB optical SSB signal E U SB O under ideal orthogonal transformation can be given as below,
Where m fk is the modulation index of MZM and equals to πV dr i ve E fk /V π . However, the practical measurement of Q part of the driving signal is E U SB Q = α · E U SB Q due to the imperfect of the I/Q data imbalance, where α(0 ≤ α ≤ 1) is the orthogonal factor. So Eq. (8) will be reconstructed as below according to α,
Therefore, due to the non-orthogonal effect of I/Q output from I/Q modulator, the optical spectra of USB signal after I/Q modulation is not only located at the right side of the central carrier f cw , but Fig. 3 . For the optical spectrum after I/Q modulation, (a) there is no image between USB and LSB with f1 < f2; (b) there is one image between USB and LSB with f1 < f2; (c) there is no image between USB and LSB with f2 < f1 < f5; (d) there is one image between USB and LSB with f2 < f1 < f5.
also has the image frequency component at the left side of f cw − f k . Similarly, the driving RF signal for I/Q modulator is at negative frequency of -f1, and an error USB signal at f cw + f 1 would be also induced from the I/Q data imbalance. For an ideal case (α = 1), only USB or LSB signal can be generated without an error image, as shown in Fig. 3(a) . But in fact, α is usually less than 1. The undesired frequency image of the target USB or LSB signal would occur as seen in Fig. 3(b) . Here, the dotted red arrow denotes the image of LSB signal, and the four-channel signals with dotted envelope represent the error signal generated at lower side of f cw . Fortunately, f 1 is less than f 2 and there is no frequency interference between the image and signal at the same SSB side. If not, Fig. 3(c) and (d) correspond to the scenario when f 1 locates among f 2 and f 5 , it is obviously that LSB image seriously interferes with USB four-channel signals, and the USB error signal is also overlapped with LSB signal. Consequently, we require to optimize the negative frequency −f 1 to avoid the crosstalk between the USB and LSB signal. Figure 4 shows the experimental setup for 4 × 4 Gbaud SSB vector mm-wave signal generation at 34-, 39-, 44-and 49-GHz simultaneously, and delivery over 80 km SMF-28 and 0.5 m wireless link. In this experiment, adopting our proposed scheme in section 2, the digital signal used to drive I and Q ports can be firstly offline produced via Matlab software. A PRBS with length of 2 10 −1 is mapped into different QAM formats according to different RF carriers. For example, a 4-Gbaud baseband data using 16-QAM modulation is linearly converted to the USB carrier f 2 of 24 GHz, and another 4-Gbaud QPSK mapped signal is located at USB f 3 frequency of 29 GHz. Subsequently, two sequences of 4-Gbaud 16-QAM and QPSK baseband data are up-converted into f 4 as 34 GHz and f 5 as 39 GHz, respectively. Before combining these four signals, each channel should be Nyquist filtered with a roll factor of 0.1 so as to reduce the crosstalk between four USB subcarriers. At the same time, a single RF tone with the DC amplitude E f 1 of 4 is generated at the LSB negative frequency −f 1 of −10 GHz, which is coupled with the USB multichannel signals. The real and imaginary parts of the coupled signals are utilized to drive I and Q paths of I/Q modulator after DAC conversion by 92 GSa/s AWG and amplified by EA available from DC to 40 GHz. IQ modulator has 7 dB insertion loss with the half-wave voltage of 2.7 V and the extinction ratio of 31 dB. As mentioned before, we need to adjust DC1, DC2 and DC3 voltages of the I/Q modulator.
Experimental Setup
Since there are two Sub-MZM1 and Sub-MZM2 as well as one phase modulator embedded in the I/Q modulator, firstly we adjust DC1 and DC2 to achieve the minimum output from two MZMs, and then DC3 is tuned to ensure that PM has a 90 degrees phase shift. Secondly, we try to fine tune the three DC bias to achieve the output optical central carrier suppression (OCS) as much as possible. In our short-term experiment, DC bias has little change and little impact on the performance of generated four channel mm-wave signals. Since DC bias is an important parameter for I/Q SSB modulation and would have an influence on the long-term stability of the BER performance, and we will discuss about it in our future work. The light beam from an external cavity laser (ECL) available at full C-band has an output center wavelength of 1552.3 nm, line width of 100 kHz and an average output power of 16 dBm, which is modulated by the I/Q modulator and amplified via EDFA with 35 dB gain and saturated output power of 22 dBm before transmitting into single-mode-fiber. Here, we consider two cases such as 10 km and 80 km SMF-28 transmission. For 10 km SMF-28 optical delivery, the optical signal after fiber transmission directly penetrates into PD operating from DC to 75 GHz to generate four sub-channel mm-wave signals at 34 GHz, 39 GHz, 44 GHz and 49 GHz simultaneously. The 3-dB bandwidth of the PD is 75 GHz and the responsivity is 0.65 A/W. We also employ a VOA to adjust the optical power into PD. Before transmitted into free space, the generated multichannel mm-wave signals are boosted by EA with 35 dB gain from DC to 50 GHz. Then the wireless delivery can be realized via a pair of Q-band horn antennas (HAs) with 25 dBi gain. At the receiver, the received signal from HA receiver is amplified by another EA with 15 dB gain from DC to 50 GHz, and finally captured by the real time digital oscillator (OSC) with a 160 GSa/s sampling rate and 65 GHz electrical bandwidth. Differently, for 80 km SMF transmission, an additional EDFA is required to compensate loss and one TOF with 3-dB bandwidth of 0.9-nm to reduce amplifier spontaneous emission (ASE) noise of EDFA before PD. TOF has an insertion loss of 2.1 dB. So the received signal after wireless transmission can be recovered by the following digital signal processing (DSP) as shown in the right dotted box including down conversion, resampling, cascaded multi-modulus algorithm (CMMA), frequency offset estimation (FOE), carrier phase recovery (CPR), and BER decision [23] . Particularly, we apply the same recovered DSP steps for each channel (i.e., ch1, ch2, ch3 and ch4) after down conversion. Fig. 4(b) shows the optical spectrum (0.02 nm resolution) after EDFA for back to back (BTB) transmission situation, we can find that the central carrier is suppressed as low as −25 dBm, while USB and LSB signals have a relatively high optical power, the frequency space of which is 34 GHz, 39 GHz, 44 GHz and 49 GHz, respectively. Consistent with the theoretical analysis, the measured optical spectrum also has the LSB (red dotted box) and USB images (green dotted box) resulting from the I/Q imbalance effect, and they are not overlapped with each other since f 1 (10 GHz) is less than f 2 (24 GHz). Thanks to the deployment of another EDFA and 0.9 nm TOF, the optical spectrum after 80 km SMF-28 suffers less power penalty as shown in Fig. 4(c) .
Experimental Results and Discussions
We experimentally investigate the performance of Q-band 4 × 4-Gbaud SSB mm-wave signal fiberwireless transmission without dispersion compensation. Figure 5 shows the BER performance versus the input optical power into PD for 4-Gbaud each channel mm-wave signal in 3 scenarios: (1) back to back (BTB) transmission, (2) 10-km SMF optical delivery only, (3) both 10 km SMF wire link and 0.5 m wireless link. The BER can reach HD-FEC threshold of 3.8 × 10 −3 for all the three scenarios. In scenario 3, EVM values are 17.39, 26.88, 17.56 and 29.14 when the optical power into PD is −3.5 dBm, −6.5dBm, −3.5 dBm and −4.5 dBm, respectively in Fig. 5(a)-(d) . From the recovered constellation diagrams, it is obviously that 34 GHz 16-QAM signal in ch.1, 39 GHz QPSK signal in ch.2, 44 GHz 16-QAM signal in ch.3 and 49 GHz QPSK signal in ch.4 can be well demodulated. So we can achieve totally 2 × 4 × 4 (16-QAM for ch.1 and ch.3) +2 × 2 × 4 (QPSK for ch.2 and ch.4) = 48 Gbit/s four channel SSB mm-wave signal transmission over fiber-wireless transmission link. Also note that lower modulation format relaxes the requirement of signal-to-noise (SNR) compared with higher modulation. For instance, the optical power into PD of −4 dBm is needed for 16-QAM vector mm-wave signal BTB transmission at BER of 3.8 × 10 −3 , while it can be reduced to −10 dBm for QPSK signal BTB transmission case. It is worth noting that there is a tradeoff between spectral efficiency and receiver sensitivity.
Considering four sub-channel transmission, the scenario 2 causes little power penalty compared to scenario 1 (BTB case). However, large optical power penalty would be introduced after 10 km SMF and 0.5 m wireless transmission (scenario 3) compared with the other two scenarios, which also increases with the frequency of transmitted mm-wave signal. In the 34 GHz mm-wave signal Fig. 6 . The measured BER performances vs. the fiber transmission distance with fixed power into PD of −4.5 dBm when 44 GHz 16QAM mm-wave signal is delivered over no wireless link and wireless link, respectively. Insets (i) the recovered constellation after 60 km SMF and no wireless transmission, (ii) the recovered constellation after 40 km SMF and 0.5 m wireless transmission, (iii) the received electrical spectrum with no wireless transmission, (iv) the received electrical spectrum after wireless transmission.
transmission link, there is almost no loss caused between these three scenarios. Conversely, an additional 4 dB power penalty is induced after 10 km SMF and 0.5 m wireless delivery at 49 GHz. The main reason is the bandwidth limitation of EA adopted before and after wireless delivery, which is available from DC to 50 GHz. The intrinsic gain spectrum characteristics of EA is not flat when the frequency is close to the band boundary. That is why we need to increase the optical power into PD for 49 GHz mm-wave signal wireless transmission. In our future work, we will further explore multichannel mm-wave generation and wireless transmission at lower frequency to avoid bandwidth limitation of EA in our proposed experimental system. Figure 6 gives the BER performance as a function of the transmitted optical fiber length when the input optical power into PD is −4.5 dBm, which is discussed in two cases such as no wireless and 0.5 m wireless transmission. From the results, it can be seen that 4 Gbaud 16-QAM mm-wave signal at 44 GHz is not affected with the increased transmission fiber distance for both cases. It is because SSB signals transmitted in our proposed link suffers little power fading caused by the fiber dispersion effect. For no wireless transmission, the SMF-28 fiber transmission length is extended to 80 km with BER as low as 2.5 × 10 −3 . Inset (i) shows a clear 16-QAM constellation distribution for the 4 Gbaud 44 GHz mm-wave signal after 60 km SMF-28 transmission, and the EVM is 16.58. In addition, 50 cm wireless transmission distance results in poor BER performance in the presence of same optical delivery at BER of 5 × 10 −3 , and a clear 16-QAM signal with EVM of 18.47 can be also recovered when the fiber distance is 40 km and the wireless distance is 50 cm, as shown in Inset (ii). Insets (iii) and (iv) show the received electrical spectrum after OSC for only fiber transmission and fiber-wireless transmission, respectively. Note that if a V-band EA is adopted instead of Q-band EA used before the transmitted HA in our scheme, identical to the one after the received HA, the wireless transmission distance will be significantly improved. It will be implemented in future investigation work.
Conclusions
In this paper, we proposed a novel scheme to generate multi-carrier mm-wave signal with SSB modulation based on a laser and an I/Q modulator. In our proposed scheme, the digital multichannel driving signal for I and Q inputs is produced via software-based DSP instead of a complex transmitter adopting multi lasers, thus the system structure is significantly simplified with high reliability. The I/Q output is four sub-channel USB (LSB) signal carrying QAM data and one single unmodulated LSB (USB) RF tone, which can be heterodyne beat to realize four-channel SSB signal generation and fiber-wireless transmission without dispersion compensation. We also optimize the frequency of USB and LSB to reduce the crosstalk between the USB and LSB signal. We experimentally demonstrated totally 2(two carrier) × 4(16QAM) × 4(Gbaud) + 2(two carrier) * 2(QPSK) * 4(Gbaud) = 48 Gbit/s signal generation and transmission over 80 km SMF-28 and 0.5 m wireless link. Thanks to our proposed scheme adopting SSB modulation, the fiber transmission as long as 80 km can be achieved with no power penalty. Our proposed multi-channel SSB mm-wave generation scheme is promising for future mobile WDM communication application.
